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• In contrast to fixed-wing aircraft: design freeze after first flight
• Aim: earlier design freeze through better simulations!
• To shorten development cycles, we need an efficient comprehensive code  VAST
Conceptional Design Preliminary Design Detailed Design
time
First Test Flights Qualification / Certification …
MTOW optimization






(CFD tools) Aeromechanic Design Freeze
Our software (developed with the DLR Institute for Flight Systems):
Versatile Aeromechanic Simulation Tool (VAST)
Helicopter Simulation = Multi-Model Simulation
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ODE “model” for each subsystem   of the helicopter
  ̇ =      ,   ,  
   =      ,   ,  
•    state vector,    output vector of subsystem  
•    input vector of subsystem  ,  contains outputs    of other models
The coupled system then reads 
 ̇ =    ,  ,  
0 =   −    ,  ,  
With global state vector   and global output vector  
Index-1 DAE for regular I −
  
  
Main idea: splitting into subsystems
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Problem: Find parameters (e.g., initial condition + pilot input) to obtain a specific stable flight condition
In formulas: find parameters  , such that
 ̇ =    ,  ,  ,   ,
  =    ,  ,  ,   ,
ℎ  ,  ̇,  ,  ,   =
!
0,
where ℎ encodes the desired flight condition
ℎ( ,  ̇,  ,  ,  )   → min
 
optimization problem
optimization iteration around the simulation code
with finite difference approximations of the gradient
high number of simulations requires
an efficient implementation
(e.g., by using a small number of states)
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The Helicopter as a Multibody System
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DLR's Eurocopter BO105
Source: DLR Institute of Flight Systems
• helicopters consists of multiple bodies:
• fuselage
• main rotor hub
• main rotor blades
• tail rotor shaft
• tail rotor seesaw
• tail rotor blades
• the bodies are connected with different joints
• interesting problems when dealing with this MBS:
• two-way coupling with aerodynamics models
• very large (radial) forces at the rotor hub
that (mostly) cancel out
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Equations of Motion for a Rigid Multibody System
Equations of motion in floating-frame of reference formulation with constraints:
 ̇ =    ,   ,
  ̇ =    ,   +       ,
    =  ,
where
•  ,  : position, orientation, velocity & ang. velocity
•  : constraints induced by the joints
•  : mass matrix
•  : all forces (including pseudo-forces)




•  : vector of Lagrangian multipliers
Open-Loop Multibody Systems
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• "Open-loop": the topological graph is a tree
• Globally valid set of minimal coordinates: 
joint states
• Advantages:
• constraint equations are automatically fulfilled
 no difficulty with large forces at rotor hub









Reduced Equations of Motion
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Original eq. of motion
 ̇ =    ,   ,
  ̇ =    ,   +       ,
    =  
Reduced eq. of motion
 ̇ =    ,   ,
   ,     ̇ =     ,  
Minimal coordinates
  =    
  =    ,  
such that
      =  
  =   
    ,     ,   =
  ( ,  )
  
,    =   




Jacobians in a "Standard" implementation
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This is only the assembly
of the Jacobian matrix
(assuming that all entries of the
Jacobian are already known!)
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Basics of (Forward-Mode) Automatic Differentiation
> Automatic Differentiation in Multibody Helicopter Simulation > Max Kontak  •  DLR-SC-HPC-H-BRS-CSE-FhG-SCAI-MP Seminar > 29.11.2019DLR.de  •  Folie 14
calculation of   =  ( ,  ) is a 
composition of "simpler" operations
(coordinate transformations)
with Automatic Differentiation (AD), 
such functions can easily be
differentiated by the chain rule
Example: (from https://en.wikipedia.org/wiki/Automatic_differentiation)
   ( ),  ( ) =         + sin     , compute
  
  












  ̇ =  ̇   
  ̇ =  ̇   
  ̇ = cos      ̇
  ̇ =   ̇   +     ̇
  ̇ =   ̇ +   ̇
Automatic Differentiation with the Eigen library
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Automatic Differentiation with the Eigen library
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Automatic Differentiation with the Eigen library
> Automatic Differentiation in Multibody Helicopter Simulation > Max Kontak  •  DLR-SC-HPC-H-BRS-CSE-FhG-SCAI-MP Seminar > 29.11.2019DLR.de  •  Folie 17
> Automatic Differentiation in Multibody Helicopter Simulation > Max Kontak  •  DLR-SC-HPC-H-BRS-CSE-FhG-SCAI-MP Seminar > 29.11.2019DLR.de  •  Folie 18
Advantages of Automatic Differentiation
By using automatic differentiation:
• we obtain exact values of the derivatives (no numerical differentiation)
• the code is much easier to understand and maintain
• the code is easier to extend (no need to calculate derivatives "on paper" for, e.g., new joint types)
• opportunity to extend the software to flexible bodies or "close-loop" parts ( next slides)
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How to Include Flexible Bodies: Idea
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Kinematik
• Berechne Kinematik der Körper aus Minimalzuständen  ,  
und flexiblen Zuständen  :
  =  ( ,  ,  )
• Berechne Jacobi-Matrizen durch Automatisches Differenzieren







• Gyroskopische und Zentrifugallasten
• verallgemeinerte externe Lasten, die auf 
den flexiblen Körper wirken
  , 










How to Include Flexible Bodies
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Holistic rigid body-specific
eq. of motion
 ̇ =    ,   ,
  ̇ =    ,   +       ,
    =  
Eq. of motion on a "by-body" basis
for body   = 1, … ,  
with "dynamic states"    and flexible states   :
   =     (  , … ,     ,   , … ,   )
   ̇  =     (  , … ,   ,   , … ,   )
+ joint constraints
Abstraction!
Reduced eq. of motion
joint states  ,  , flex states  
 ̇ =    ,   ,




=     ,  ,  
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How to Include Closed-Loop Parts
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Inside the "global" open-loop structure, there are
only some "closed-loop parts" relevant at this stage
of helicopter design 
control rods











License: Creative Commons Attribution-Share Alike 2.5 Generic
Closed-loop parts behave like a flexible body!
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• main rotor, tail rotor (with constant turn rate)
• main rotor blades connected via flap- and lead-
lag hinges
• structural damping of lead-lag motion via force
element
• (driven) pitch angle
• tail rotor, which features a so-called "seesaw"
• Coupled with simple aeromechanics for rotor, 
fuselage, and empennage
Simulation Results I: The Free-Flying Helicopter
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Simulation Results II: Check Energy Conservation
Purely structural analysis
• Same MBS as before, but
• no energy sources: driven joints
• no energy sinks: dampers, external forces
• No aerodynamics
• Solver uses an explicit time integration scheme
Simulation Results II: Check Energy Conservation
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Simulation Results III: Trimmed Free-Flight
1 m/s forward flight, 18 °/s turn rate  360°/20 s
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Turning.mp4
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Conclusion
• Helicopters can be modeled very well by open-loop multibody systems
• We reduce the number of states by exploiting the open-loop structure
• Arising Jacobians are computed with automatic differentiation
• We are currently implementing the integration of flexible bodies
• In the future, we also want to include closed-loop parts
Outlook
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